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‘1’his papc] documents tbc application of genetic al~orithlns  (CiAs)  to the ploblcm of mbus[ flight  path
dctcrminalion fol Mars precision ]allding. ‘J’hc robml flif’~)1 path prob]cm JS defined here as the c]ctcrlnillatio]i  of
lhc flight pfitb which dcli~rcrs  a low-lift open-]oop ccmltollcd  whiclc 10 its  desired final  lancling  location  while
n)inin)izing  the cffccl  of pcr(urbatim]s  dw to tmccrhinly  in the atluospllcric  model ancl cl}try conditions. q’}Ic
~cl}clic  alr,orithlll  \vas capable of fillcJinF,  solutions wllicll  Jcduccd the lailding  cr[or fIom 11 I klII RMS radial
(open-]oop oplinial) to 43 km RMS radial (optimized will} ;cspcc[  to pcl-turbatiom)  using ?00 hours of computation
011 all Ultra-Sl’AR~  workstation. F’urlhcr Icduc(ion  III llIC landing) crloI is possible by goillf, to closed-loop control
wllicll  CaII utitizc the CiA optimiz.cd paths as nominal tIajcctol  ics fo; line.ari~ation.

1. IN’J’J{O1)lICTJON”

III this study, GAs arc app]icd  to oplimi~,illp,  a nolllillc.at  silnulatioll  of dc,sccni dynamics of a low-lift vc]liclc  during,
planctaly  (i.e., MaIs) cntty.  ‘J’IIc basic idea is to fiIId a flig,hi path which  comes C1OSCSI to a desired landing,
position, ycl is robust to cxpcc(cd pcr[urba~ious in tl}c trajcc[ory. SUCII a rohusl flight path is found by minimi~.inf,
a quadl at ic COSI  fulw(ion rcprcscnt illg the landing miss dislawc, OVCI scvc]al realistically pcrhn-bcd  trajcclorics,
‘1’IIc mOSI iinpoI[allt  pcrhtrbatiolls  arc the. c,no:  in the il)iiial  entry conditions, and ut]ccrtailltics  ill the attnosphcric
dcnsi[y.  III oJdcJ  10 vary the flight path,  the initial  flight  path aIlglC iS Ghoscll as a free parameter, and the VChiCk
all~lc-of-at[ack  is conttollcd  as a fuilctioli  of time. ‘1’lIc  coIltrol  of the allglc-of-attack  is accomplished using the
ccnlcr-of-mass (N)M) relocation coJIccpt pM forlb  by 1). IIoussalis  of J1’1,  11]. ‘1’hc C(3M relocation coJIccpl  is
illlporlallt  bccausc it albm’s considerable contro]  autho~ity durinf:  the almo.spheric CJIIIy  phase to minimize ]andi Jlg
CIIOJS,  yet it is applicable to low-lift Mars Paththdcr type acroshcl]s  (i, c., }vith  lif[-to-drag  ratio  1,/1)  : ().3). ‘Jlis
avoids tlIc llccd fol dcsignill?, hig,hcr lift (and IImC}I  more cxpcllsivc)  whic]cs.  };or  simplicity tlm CJIIIy  dylanlics
have bccu Ic.strictcd  to planar  motion, and the ]atlding crjor  is dcfillcd  at 10 kJn altitude }!’]lcrc the parachtc  opens
ralhcr than at gIOUJICi lcvct,  q’his  papct  is an abriclgcd vclsion of a ]oJIgm rcpor( [ ] ]].

2, CON’J’J{O1  , AC’1’UAI’ION

l’hc control  actuation schcmc will bc based 011 ccntcr-of-Jnass  (CC)M) rclocatioJ],  as outlillcd  i!) Jloussa]is  [ 11. III
this  approacl~,  a ploof-mass is moved inside tlIc vclliclc so that tlw COM is Jc]ocatcd as a kilown fullc(ion  of time.
‘1’IIc COM relocation acts to sllifl  tbc dynamic  Cqui]ibrium  of [lIc. vchic]c such that the angle-of-a(tack is changed,
IN particular, tbc cquilib~iuJn  all~lc-of-attack  value varies as all cxplici[ k[mvn furlctioll  of the COM relocation.
] icJIcc, CVCI) tllougb OIIC is Ilvwillg  a pJoof-nlass,  the Ccmtro] can bc thought of as colnmaildin~  a dcsiJcd angtc-of-
attack. Sil)cc  the angle-of-altack acls to chaIIgc lhc amount  of lift or drag OJJ the vchiclc,  it provides a means to
effect lhc propagation of tbc flight path.
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Figure 11 tow lift Mars Pathfinder type acroshell
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l’igurc  2 Center-of-nuiss relocation schcmc to control lifl vcclot

3. ROIJllST  Iu,lGIIT  PA’J’11 PI,ANNIN[;  MODEI ,

}01 tk purpose.s of this siudy, the “landing error “ is clef’incd as lIIC RMS crlor in the desired terminal ground track
location over a collection of 5 simulated paths, i.e.,

.—

JJ= ~ (sxd-sx;)2+(L$))d-. $)),)2 ( 1 )
i. A, B,(’,l),  [:

where ~$xfl, J’ ~,(- (spccificd  later) arc the desired ground track at the terminal time, and ,$x; , ~ ),1$ - arc the

aclual glound  track at the tcnninal  time.

k’or the purpose of evaluating the RMS error J , the 5 simulations (A, I;, (2, D, and l{,) arc pcrformc.d  pcr control
proftlc  to dctcrminc  the effect of pcr(urbations  011 the flight path. Paramclcr  pcrturbaiiolls  associated with A, B, C,
l) aud Ii alc slIowII in T’able 1 and Figure 3. ‘1’lICSC  pcrturbatiol]s  rcflccl the major  sources of error in the dcsccnt
phase which al c duc to uncertainty in the at mosphcric palalnclcr  beta, and ul~ccrlainty  in delivery to IIIC spccificd
initial flight path al@c gan~lna(0) (i.e., the entry corridor).

‘J’hrcc  scenarios arc addressed for optimintion  of the flight path:

Scenario 1: Iwo Point Bo~!ndary Value Prob]cnl, Conslant  (:olltrol
Fild the collt lo] (i ,c., the cnt ry condition gammao,  and fixed CC)M offscl d~.) that  under perfect knowledge and no
disturbances, places the vchiclc  at the desired final position (in tmms of its desired ground track) al the terminal
time (i,c.,  the time instant at which the altitude is 10 km, and the parachute deploys). Apply this control to the 5
pcrlurbcd  trajcctol-ics  to calculate RMS lauding crlor J

-Scenario 2: Robust  I/JigllUatllI}ctcr[l~  il~atioI~, (onstaI~t_Control
}tind  the conl~ol (i.e., the entry condi[ion  gan~n~aO, and fixed CX)M offset dz.) that optimizes the RMS landing error
J at the terminal time over the 5 perturbed trfijcdorics.
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. . . Scc;larig ~: RobM Fligb!_Pat  h I>ctcrminat  ion, Stl!_C)rdcr  Control
l’ind the contro] (i.e., the cm-y condition Mmmao. and the COM offset dz as a S111 order C%cbcbcv polynomial
function of time dz= u(t)= l“ruil[a04 al *cl ~)+ . ..a5*c5(t)]).  that  optimizes the RMS landing error J at the tcminal
Iimc over the 5 perturbed trajcc(orics. Acontrol contraird  on d~, to + /-.08 n) is enforced by the opcra(or Trunc[ I,
which truncates the C%cbychcv  polynomial when il cxcccds these thresholds.

Note that by n~illinli~.ing  the RMS landing error .) , one is not only dclivcrinp,  the vchic]c  to its desired final
position unclcr nominal conditions, but is also n~inimiz,ing the effect of perturbations on the actual flight path, This
is the essence of the robust flight  path planning problcm.

“. —w.-.  ..  .  .A. . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . —- ,——-,. .V .  .  .  ..-. +—.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . ..w.._,—_,.  ___-.

‘1’able 1 Pcr[orbcd Parameters for Simulation
. . . . . . . . . . . . . . . . . . . . . . . . ....... .......... .......... .......... .......... .......... ..........  .......... .......... ..........

lnd\~Runs beta. ..__&w!!x!–––_  - - - -
A l. O~*bctaO
B

g,anmao+  0.0
1.2S*bcta0 gamnlaO-I 0.2

c 0.75* bcta0 gamma(ji  0.2
D 0.75* bcta0 ganmlaO  -0.2
1; 1.25*bcla0 —+.~!!!!!:!?!.:.2.?. . ..- . ..._&...- . . . . ..- . . ..-... --w-——-.. +—a-. >.% - , . . . . . ..-<... x_” —.,.- . . . . . ... . —,,...—

bcla

1@ 125% @I

-0.2

+

+0.2 g,mm@O)
–+---- - —--i—–+

A- (hebO,  gmnmO)

l;igul-c 3 Night path angle (ganunaO) and atmospheric (beta) pcr[urbatiom

‘1’hc  kinematics and dyJlanlics  of the vchic]c during descent arc described by the a syslcm of differential equation
which can bc found in 11][ 11 ].

4. GENE3K  Al S;ORIT1l  M 1 M P] ,12M EN TA’J’JON

‘1’hc (icnctic  Algorithm ‘1’oolbox  [7] is used to SOIVC  the three scenarios posed in the previous section, For this
purpose, tl)c chromosomes arc setup as shown in Tab]c 2 and the initial  conditions arc given in ‘1’able 4. The
dcsircd  final landing location isspccificd  as, ~!xd =. S56.] kmalld ,$Yd =. 9’76.65 knl,

T’ablc2 (:llroll~osoll]c~odii~g

Chromosoll]c Range value P1ccision
ganmaO (dcg~cc) -9 to-17 1 S bit
dz. (n]) -0.08 to 0.08 1 S bit
ai, i>~),...,5 -0.08 to 0.08. 15 bits ::1—
..—..——..——-.— ., . . . . . . . . . . .._..A..A  . . . . . . ..u___  \\___w

‘1’able 3 Summary of Computational Rcquircmcnts

Sccnari;”  ‘“’ ‘# lndi~;iduals  per #/ Gcl~cmtions Machine Mclnow’ $icd Hours
~mlation..— — —. RAM— _ _ _ _  _ _ _  _

J 10 20 Pcntium 16 Mcg 133 Mhz 172
II 20 2.7 Ultra SPARC 132 Mcg
111

143 Mhz 90
20 60 Wa SPARC 132 Mc~ _ 143 Mhz 2 0 0
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Tablk4 initial States  (all scenarios) —.—.—..-—
. . . . . . . . . . . . . . . . . . . . . . .

Altitude 125.0 “kiioli)ctcr
1,ongitudc  theta 0.0 dcglcc
latitude phi -10.0 dcgrcc
Velocity 7.5 kilon~ctcl-/scc
Flight path angle, ganmlaO Evolved degree
Azimuth (heading) angle, psi 60.0 degree
Rich rate, q 0.0 dcgrcdscc
Pitch ganlnla04 alpllaO dc,grcc

‘C.J~2 * ~Z(0) 1 C.,.
alphaO dcgrcc
Sx Ground track 0.0 kilometer
Sy Ground track 0.0 kilomc[cr

5. ANA] ,1’S1S OF I’IIIc RltSlll,l’S

3’lN results of all three scenarios arc tabulated in Table 5.

Table S Summary of Results

gan]nlaO d?.
——

1,aJ]ding Ilrror  - RMS Radial
--- .— ___ ___ _____d%TEQ—_._—  __________ @!!o________@k  _________ __________ _.

Scenario 1 Iivo]vcd -12.54 Iwolvcd  - 111.68
0.037]3

Scenario I 1 Evolved -13.58 Evolved - 75.825
0.0610

Sccnalio  III ltvolvcd  -12.S080 Chcbychcv 43.3855
aO: 0.0145
al z 0.04096
a2 = -0.0690
a3 = 0.0260
a4 = 0.0530

-——.—— a5 = -0.0785

}jor comparison purposes, the ]andiJlg  error plots for Scenarios 1,11 aJld 11 I arc organized from left to right  in
f’lglire 4. As cxpcctcd the RMS landing cmors dccrcasc flom lcf( to right with  increasing control authority.

a. Scenario 1 b. Scenario II c. Scenario 111

-150  .,08,  .,,, . ,“  ,,”>  ,’. -,s?.~. ,, \ ,  -_-+---

y 5.)/ -/ “0’ \ \{

Figure 4 Summary of ]andi Jlg cnors  for all scenarios

‘1’hc in~provcn~cnl  in goiJlg fronl Scenario 1 (1 11 kJn) to Scenario 1 I (76 kin) is to be cxpcctcd  since SccJlario  I was
not optimized wilh respect 10 IIIC perturbed trajcc{orics  while Scenario 11 was. 1’IIc  improvcn]cnl  in going from
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Scenario II (76 km) to Scenario 111  (43 km) is also expcctcd  since Scenario 111 is a gcncralimtion of Scenario 1 [ in,,
Icrms of progressing from a m-oth order polynomial to a 5th order polynomial cent rol rcprcscntat  ion.

Pigurc 5 Summary of al(itudc paths for all scenarios

II is ins(ructivc  to compare the altitude  plots of the three Scenarios in Figure 5. It is SCCII  in Scenario 11 I how the
GA successfully rcduccs  landing error by making the perturbed flight paths coalcscc.

The flighl  path dctcrmincd by GA for t}~c 43 km (Scenario 111) result is very interesting and suggests a ncw
“bounce and plop” straicgy for precision landing,  in order to s(udy this strategy in more detail, the altitude and
control  signal dz= u(t) for Scenario 111 are plotted on the .wrmc x-axis (i,c., versus time) in Figure 6. ‘1’hc scale for
tllc contro]  signal has been convcrtcd  to mm to allow sharing of the same y-axis. It is seen that the “bounce” is
induced by lowering the COM (i.c,, dz= u(I)) to its nlaxinlun]  negative location of U= -.08 m (i. e., Inaxinlulll
posi(ivc lifl),  at approximately 10 seconds. Note that the bounce dots not take effect until the atmosphere is
sufllcicntly  dense at an altitude of 40 km (occurring at apploxirnatcly  75 seconds), to crcatc a siguificaut  lif( effect.
‘1’hc “plop” is induced by raising the COM  location  to its nlaxinmm positive location of u= + .Otl m (i.e., n~axinmn~
ncgatiw lift), at approximately 135 seconds. Again, the negative lifl  is seen to take cffccl  when the a(mosphcrc
bcconlcs sulTcicntly  dense at an altitude of 40 km (occurring at approximately 200 seconds). This overall approach
forces the pcrlurbcd  tra~cctorics  to coalcscc,  which cflcctivcly rcduccs landing cr~or,

Scenarii  Ill 5-th order pc4y O@nized  T rqactwiks
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Figure 6 Superposition ofvchiclc  a]titudc and control signal dz,= u(t)



. 6. CONCL1IS1ONS

A gcnclic algorithm was applied to the problem of robust flight path dchxmination  for Mars precision landing The
notion of a robusl  flight path appears to bc new, although it is a natural statement of what is desired in many opcn-
loop control scenarios. h this sludy, the objcctivc  of the robusl  flight path problcm  was to dctcrminc  the flight path
which delivers a low-lift open-loop controlled vchiclc  to its desired final landing location while minimizing the
cfl’cci  of certain realistic perturbations.

The results of the study can bc summarized as follows. When the control (i.c,, the COM location) is chosen
constant with time and the flight path is optimized with respect to the nominal trajectory, the resulting landing
error is 111 kni RMS radial. When the COJ]ti-Ol is chosen conslant will]  time and the flight path is optimized over
pcrturkt  trajcctorics,  the landing error is rcduccd  to 76 km RMS radial. WhcJI the control is allowed to vary as a
fifth order polynomial and the flight path is optimized over pcriurbcd lrajcctorics,  the landing error is 43 km. The
trajectory dctcrmincd  by GA for the 43 km result is very interesting and suggests a ncw “bounce and plop” strategy
for landing.

‘1’hc major  con~putational botllcncck  for this siudy  was in evaluating the objcctivc function (or equivalently, the
“fitness”) for each individual in the population, since it required integrating the kll)CIOatlCs and dynamics of
motion, For implementation purposes, it was ncccssarj’  to trim down the GA ill~l)lc~l~cIitatioI~  to a rcduccd
population of 20 individuals and no more than 60 generations, requiring approximately, ?O* ] 0*60/60°  200 hours
of computat ion on an lJlt  ra SPARC cornputcr. Methods to rcducc the computation t imc would bc greatly beneficial.

Results indicalc  that CVCJI though genetic algorithms may require long processing times, lhcy arc fairly easy to
proglam, and can provided useful solutions to complex optitnimtion  problems, such as those associa[cd  with
prob]cIns of robus( flight path planning, and spacecraft autonomy.
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